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I. INTRODUCTION
The study of salt solutions is relevant in different areas of knowledge. Salts are found in biological, geochemical, and industrial problems. For this reason, it is not surprising that many theoretical [1] [2] [3] [4] and computer simulation studies have been devoted to the study of salt solutions. The study of NaCl solutions is particularly relevant as it is the main ionic component of sea water. A key ingredient when performing computer simulations is the choice of the intermolecular potential (i.e., force field). In the case of solutions, the force field should describe the interactions between the molecules of water, the interactions between the ions, and the cross interactions between the ions and the molecules of water.
Quite often, water is described by a simple rigid nonpolarizable model, and the ions are described as simple Lennard-Jones (LJ) charged centers. The parameters of the ion-ion interactions are usually determined to reproduce properties of NaCl in the solid phase, 5 while the parameters of the ion-water interaction are adjusted to reproduce some hydration properties 6 (enthalpies, free-energies) of the individual ions of the salt at infinite dilution or derivatives of the activity coefficient with respect to salt concentration.
In the last decade, it has become more obvious that phase equilibria can also be used to determine the parameters of the force field. In the particular case of water, the study of the vapor-liquid and liquid-solid equilibria has been proved to be very useful in designing intermolecular potentials. 9 One may wonder if a similar approach can also be useful in the case of ionic solutions. Several simulation works have studied ionic solutions. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Some of these works have used models that consider an explicit solvent and have been tested by comparing their predictions to some experimental properties. Solubility of salts in water is an interesting property to consider when developing force fields. However, solubility is not an easy problem using simulation studies, specially, when one considers an explicit solvent. That may explain why the study of the solubility for model potentials has not received much attention until very recently.
The first reported calculation of the solubility for an ionic system is the work of Ferrario et al. 29 for KF. Later on Sanz and Vega 30 determined the solubility for KF and NaCl. The solubility of NaCl was computed by Paluch et al. 31 Since there were some discrepancies between the results of Paluch et al. and Sanz and Vega, 30 even though both groups used the same force field, the problem was revisited by Aragones et al. in 2012. 32 Some years ago Smith and co-workers developed the osmotic ensemble Monte Carlo (OEMC), which allows to determine the concentration of the salt for a certain imposed value of the chemical potential and the solubility, using this route, for a number of different potential models. 33 , 34 Mester and Panagiotopoulos 35, 36 have performed the calculation of the solubility of NaCl in water using different force fields. It is clear that the interest in obtaining the solubility of a salt dissolved in water by computer simulations has notoriously increased. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] In some of these papers, the solubility was calculated by computing the chemical potential of the salt in the solid phase first, followed by a calculation of the chemical potential of the salt in solution at different concentrations (or in the case of the OEMC by performing one single simulation imposing the chemical potential of the solid phase). This is so because the chemical potential of NaCl in both phases, solid and solution, at equilibrium should be identical (chemical potential route). However, this is not the only way of determining the solubility. Another possibility is to use the direct coexistence method, in which a slab of salt is put in contact with water until equilibrium (at a certain T and p) is reached. 47 This approach was used by Joung and Cheatham, 48 Aragones et al., 32 Kobayashi et al., 43 Manzanilla-Granados et al., 46 and Wiebe et al. 45 What is the current status of the field? First, it is now clear that solubility changes dramatically from one force field to another. Second, the majority of the used force fields underestimate significantly the experimental value of the solubility of NaCl in water (even for models where polarization is included 10, 44 ). It is not yet clear what is the reason for that and further work is needed to understand that in more detail. In addition, it is clear that the solubility will be quite useful in the future to design good force fields for salt solutions. However, before this is achieved, there are some technical issues that need to be addressed. The solubility of a certain force field is unique and should not depend on the methodology used to determine it.
In Table I the solubility values of two popular force fields of NaCl in water (as described by the SPC/E model 49 ) are presented. Results were obtained by different groups using different methodologies. The first issue to be addressed is that the solubility obtained from direct coexistence methods is generally much higher than the one obtained from the chemical potential route. This is certainly striking as in the past it has been shown that coexistence properties obtained from direct coexistence simulations 50 and from the chemical potential route were in quite good agreement for systems like hard spheres, 47 ,51 LJ, 52 water, 53 patchy colloidal models, 54 methanol, 55 hydrates, 56, 57 or ionic melts. 58 The SD/SPC/E solubility reported by different groups, by the chemical potential route, ranges from 0.6m to 0.9m, which is a reasonable agreement taking into account the expected uncertainty of the calculations. However, for the JC/SPC/E model, 48, 59 the situation is not satisfactory. Moucka et al. 37 reported a solubility of 4.8(3)m using the generalized reaction field approach for the electrostatics in solution and the experimental value of µ s = −384.024 kJ/mol. The value of 4.8m was also obtained by Aragones et al. 32 using Ewald sums. Later on Moucka et al. 40 using the Ewald method reported a value of 3.64 (20) The values reported by Kobayashi et al. 43 range from 2.79m to 6.52m. Before studying in more detail the origin of the discrepancy of the solubility between the direct coexistence technique and the chemical potential route, it seems necessary to have a reliable value obtained from the chemical potential route.
In this work, we will repeat the calculations leading to the solubility of both, SD/SPC/E and JC/SPC/E models, using the same methodology that was described in our previous works (2007, 2012) , but now using much longer runs by taking advantage of the possibility of implementing this methodology with the GROMACS 60 package. After revisiting the problem, we have found that the re-computed values of the solubility are in very good agreement with those reported by Moucka et al. 40 and by Mester and Panagiotopoulos. 36 Since these Figure 6 , in the work of Moucka et al. 37 in conjuction with the experimental solid chemical potential value µ s = −384.024 kJ/mol. three groups have now quite similar values of the solubility, even though they compute the chemical potential of the salt in water using different approaches, this strongly suggests that the solubility, at least for these two potential models, is firmly established. The reason why it is different from that obtained from direct coexistence simulations should be investigated in the future. Finally, we shall consider three interesting issues. First, since the JC/SPC/E model is the best model available so far when predicting the solubility (although still far from the experimental value), we shall consider the possibility of replacing the SPC/E model of water by TIP4P/2005 61 while keeping the ion-ion interactions and using Lorentz-Berthelot (LB) rules 62, 63 to describe the ionwater interactions. A similar study was presented by Moucka et al. 33 by using a hybrid JC-TIP4P-Ew-ion/TIP4P/2005 force field. It will be shown that the solubility is not affected too much by replacing SPC/E by TIP4P/2005 water, as found by Moucka et al. 33 with the other water model replacement. Second, we will consider the problem of ion pair formation. It is difficult to determine the number of ionic pairs from experiments, whereas it is relatively straightforward from simulations. It will be shown that for the models considered in this work, the number of ionic pairs is of about 0.075 when the ions concentration reaches the value of the solubility. This empirical rule may be quite useful to have a first rough of the solubility of a certain force field.
Third, after analyzing some of the results for the models considered in this work and some others, we provide a simple prescription to estimate the solubility value of a model force field by calculating only the difference between the NaCl solid chemical potential and the standard chemical potential of the salt in solution.
II. METHODOLOGY
The solubility can be determined by calculating the chemical potential of the salt (composed of ions X and Y) in the solid phase, µ , as a function of the composition of the solution. For some particular conditions of temperature, T, and pressure, p, the solubility can be then obtained by determining at which composition the chemical potential of the salt is identical to that of the pure solid, i.e., solving the equality:
The chemical potential of the salt in the solid phase can be easily calculated, for instance, with the Einstein crystal method 64 or with the Einstein molecule method. [65] [66] [67] [68] Thus, the main problem in the determination of the solubility is the calculation of the chemical potential of the salt in solution,
where G solution is the total Gibbs free-energy of the solution, N XY is the number of salt molecules in solution, and N w is the number of solvent molecules. From thermodynamics, the solution Gibbs free-energy can be expressed as
with A solution being the solution Helmholtz free-energy, p the pressure, and V the volume. Therefore, the problem reduces to obtain A solution and pV solution varying N XY while keeping N w constant and use them in Eq. (1) to compute µ solution XY
. By selecting a fixed number of solvent molecules, temperature and pressure, NpT molecular dynamics simulations can be used to obtain the pV solution term, and the volume and density for different salt concentrations. The solution Helmholtz freeenergy can be then computed following the methodology described by Aragones et al., 32 where A solution is expressed as the sum of two contributions, 
so that when λ = 1, the particles of the system interact through a reference potential and when λ = 0, one recovers the original salt solution. Then, the residual free-energy of the solution can be obtained from Hamiltonian integration as
The integrand in this equation can be obtained for a certain composition, temperature and several values of λ (from 0 to 1) by using NVT simulation runs at the equilibrium density of salt solution. This density can be taken from the NpT simulation data previously performed to compute the pV term, or by a suitable fit to the density as a function of N XY from those NpT simulations. For each concentration, having obtained the integrand for each λ value considered, a Simpson numerical integration program was used to compute the integral. Once the integral has been evaluated and we have G solution for each concentration, there are several ways to compute the chemical potential of NaCl in solution, Eq. (1), as, for example. G solution is an extensive property and therefore it can be expressed in terms of the chemical potentials as
G solution is easily obtained from the simulation results as it has been previously discussed here. Moreover, the chemical potential of the NaCl in solution can be expressed in terms of the activity coefficient as
where µ † NaCl is the Henry's law (infinite dilution) standard chemical potential of the salt and γ NaCl is the mean ionic coefficient (on the molality scale), which is a measure of the deviation of the salt chemical potential from the ideal solution. The activity coefficient can be described by the following empirical expression:
which formally resembles the Davies's equation, often used to describe activity coefficients of real solutions. 69 In this expression, AA is related with the relative permittivity, κ, of the water model used in the calculations and temperature as AA = 1.824 10 6 /(κT) 3/2 . As pointed out by Mester and Panagiotopoulos, 35 it is a good idea to choose AA in this way in order to recover the Debye-Hückel law, 70 which is exact at very low concentrations of the salt. This choice of AA, of course, will depend on the water model under consideration and it could be different from that of real water (κ = 78). The corresponding AA values for the models considered in this work are presented in Table IV . For the JC/SPC/E and SD/SPC/E, we used the AA values from Table XIII in the work of Mester and Panagiotopoulos 35 , which considered a relative water permittivity of 73. For the JC-SPC/E-ion/TIP4P/2005, we calculated AA using the expression mentioned above with the relative water permittivity value of 58 obtained for the TIP4P/2005 water model by Vega and Abascal. 9 In addition, by integrating the Gibbs-Duhem equation, it is possible to relate the parameters AA, B, and β, which describes the activity coefficient of NaCl, to the changes in the chemical potential of water. One then obtains, as shown by Moucka et al.,
where µ * w is the standard chemical potential of pure water and M w = 0.018 kg mol −1 its molar mass. Actually, µ * w is trivially obtained from our calculations by simply dividing the Gibbs free energy of a pure water system (i.e., no ions) between the number of molecules of water. Therefore, in this route, the parameter AA is obtained from physical considerations and µ * w from our calculations for pure water, and we just need three parameters, namely, µ † NaCl , B and β, to obtain G solution .
III. FORCE FIELD MODELS FOR NACL WATER SOLUTION
In order to study NaCl in water, we have considered three different force fields.
1. JC/SPC/E. In this force field, water interactions are described through the SPC/E model. 49 The interaction between ions is described using the force field proposed by Joung and Cheatham (JC), 59 specially tailored for the case of the SPC/E water model. The LJ parameters of the crossed interactions between the ions and water are obtained using the LB combination rules. The parameters of this force field are provided in the supplementary material. 71 2. SD/SPC/E. Again the SPC/E model is used to describe the water interactions, while the ion-ion and ion-water interactions are given by the Smith-Dang (SD) model.
72,73
The crossed ion-water interaction is determined from the LB combination rules. The parameters of this force field are also provided in the supplementary material. is also obtained from the LB combination rules. The parameters of this new force field are presented in Table II . The motivation to consider this new force field is twofold. First, we want to determine how sensitive is the solubility to the choice of the particular water model used in the calculations (while keeping the ion-ion interactions). A general conclusion about this problem would require a case by case consideration. SPC/E and TIP4P/2005 were designed to describe the vaporization enthalpy of water only when including the polarization correction. 49, 61 This similarity in the enthalpies could imply also similar solubilities. The second motivation was that having TIP4P/2005 instead of the SPC/E model would allow in the future to analyze in detail the effect of salt into properties as the maximum in density, surface tension, melting point, etc., where the performance of TIP4P/2005 for pure water is, in general, superior to that of the SPC/E model.
IV. SIMULATION DETAILS
For the three models considered in this work, NpT and free energy calculations were carried out with GROMACS. 60 All NpT simulations were performed at p = 1 bar, T = 298 K, using the Nosé-Hoover thermostat and the Parinello-Rahman barostat, both with a relaxation time of 2 ps. In the NpT runs, we used 20 × 10 6 of MD steps with a 2 fs time step. Averages of properties were obtained from the last 20 ns of the run. The shape of the box was cubic and we used isotropic scaling in the NpT runs. The Lennard-Jones interactions were truncated at 0.9 nm and standard long range corrections (both for pressure and energy) were included. The particle-mesh Ewald summations 74 were used to treat the Coulomb interactions with a 4th-order interpolation function. The constraint algorithm was Lincs. Let us now describe the computational details of the free energy calculations. To compute the free energy of the NaCl solutions, we carried out simulations in the NVT ensemble to obtain the integrand in Eq. (5) .
For the solubility estimation, the free energy was computed only up to a concentration slightly higher than the solubility reported for each model, 4.112m (20 NaCl) for the JC/SPC/E and JC-SPC/E-ion/TIP4P/2005 models, and 1.028m (5 NaCl) for the SD/SPC/E/ model. Again, simulations were performed at 298 K using a Nose-Hoover thermostat 76, 77 with a relaxation time of 2 ps and a time step of 2 fs. The calculations started with the original system (i.e., λ = 0) and we used in total 21 . For each value of λ, the initial configuration was taken from the last configuration of the previous (and smaller) value of λ. The integral of Eq. (5) was evaluated using the Simpson's integration method. For the JC/SPC/E and SD/SPC/E free-energy calculations, we used 2 × 10 6 time steps (i.e., 4 ns) for each value of λ. In addition, for the JC/SPCE/E and SD/SPC/E, three to five independent calculations of the free energy were performed for each solution.
The purpose was to have accurate results to compare with those reported recently by Moucka et al. 40, 41 and Mester and Panagiotopoulos 36 for these systems. In the case of the JC-SPC/E-ion/TIP4P/2005, we used only one free energy calculation per solution, but now using 4 × 10 4 steps (i.e., 8 ns). In all cases, the average value of the integrand of Eq. (5) was obtained for each value of λ from the last 3 ns of the run (i.e., discarding the results of the first ns). The rest of simulation details in these free-energy calculations were identical to those of the NpT simulations, except that no barostat was considered.
V. RESULTS
We will start our discussion by considering the JC/SPC/E model since for this model, there are more available solubility studies in the literature to compare with and it will help us to describe the application of the methodology that will be used later for the other two models. In this work, experimental density data were taken from a polynomial expression 78 and for the rest of properties we used Hamer and Wu 79 analytical expressions that are representative of the original experimental data.
A. JC/SPC/E
To evaluate the solubility, both the NaCl solid chemical potential and the NaCl chemical potential in solution are needed. For the former, we used the result obtained by Aragones et al., 32 µ solid NaCl = −384.12 kJ/mol (using the reference state labeled as ref2 as will be discussed later). It is important to remark that the JC force field is a successful model
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Benavides, Aragones, and Vega J. Chem. Phys. 144, 124504 (2016) that reproduces almost exactly the experimental value of the chemical potential of the solid, µ solid NaCl,Exp = −384.024 kJ/mol. For the determination of the chemical potential of NaCl in solution, a fixed number of water molecules was used, namely, N w = 270. Thus, the different concentrations considered were matched by changing the number of ions. We first performed NpT simulations of the NaCl solutions, from which the densities of the solutions were obtained (both in units of mass per unit of volume and number density of particles). In Fig. 1 the experimental density of the NaCl in water is compared to the simulation results for the JC/SPC/E force field at different molalities m (i.e., number of moles of NaCl per kg of water). As it can be seen, the density of the solutions varies smoothly with the salt concentration. In addition, this model reproduces the experimental densities at low and intermediate concentrations but overestimates them at higher concentrations, in agreement with available simulation data of other authors.
The density as a function of the number of NaCl for all concentrations considered (N NaCl between 0 and 25) is well represented by a third-order polynomial in terms of the number of NaCl as
where N is the total number of particles per unit volume, N = N w + 2N NaCl , and r i are the fitting parameters tabulated in Table III . We then performed the Hamiltonian integrations from the real system to the LJ reference system in the NVT ensemble at the equilibrium densities obtained from the NpT runs. The results of the Hamiltonian integration are presented in the supplementary material. 71 From these results we computed the Gibbs free energy of the solutions at the different concentrations considered. The chemical potential of NaCl in solution is then obtained from the derivative of the Gibbs free energy with respect to the number of NaCl molecules at p, T, and N w constant (Eq. (1)). As already discussed in Sec. II, one possible approach is the route referred as fit G solution , where the Gibbs free energies of the solutions are fitted to Eqs. (6) Table IV, 32 for the justification of these constants). The chemical potentials consistent with the reference state are labeled as ref2 in Table IV .
The chemical potential of NaCl in the solid phase (green horizontal line) and in solution is presented in Fig. 2 as a function of molality. The solubility of NaCl in water is determined by the intersection of the two NaCl chemical potentials and is 3.71m. This recalculated solubility is now closer to the values reported by Moucka et al. 40, 44 and Mester and Panagiotopoulos 36 showing the equivalence of the three methodologies. It is also shown in this figure that regardless of the procedure used to analyze the free energies of this work, fit to G solution or to G 2 , the same solubility is obtained. Therefore, the method used to fit the Gibbs free energies does not affect the value of the solubility, and one can even use finite differences to estimate the chemical potential,
where N NaCl,1 and N NaCl,2 are two selected numbers of NaCl in solution considered cases.
As it can be seen in Fig. 2 , the chemical potential obtained from finite differences (magenta triangles) is fully consistent with that obtained from the other two routes to analyze the results (i.e., fit to G 2 or fit to G solution ). Notice that the predictions of three different groups using three different methodologies are now in agreement for both the solubility and the chemical potentials of NaCl in solution. The solubility calculated by these three groups for this model (i.e., 3.7m) is certainly lower than the experimental value (6.15m), which indicates deficiencies in the force field. In our calculus, we decided not to use results of G solution at concentrations too much higher than those of the solubility to remove the possible risk of crystal precipitation of the supersaturated solution. 21, 82, 83 Notice that precipitation of the supersaturated solution would spoil the determination of the free energies, as when using Hamiltonian integration one should not have any phase transition along the integration. Until the issue of salt precipitation is clarified in a future work (i.e., the nucleation of (28) salt in a supersaturated solution [84] [85] [86] ), we have decided to be on the safe side and used only G solution results for concentrations slightly above the solubility limit. In any case, in Fig. 2 35 have used the BAR method, implemented in GROMACS, for the free energy while we are using Hamiltonian integration, as implemented in GROMACS. Moucka et al. 40, 44 have used the Monte Carlo with particle insertion method (OEMC). As it can be seen, the three methods give solubilities that are mutually consistent (within the statistical uncertainties) but at the moment we cannot say which method is the most efficient. In Figure 2 we also have included the Aragones et al. 32 results for the same model, where the solubility predicted was 4.8m. As it can be seen, the main reason for that was that our values of the chemical potential were low, due to insufficient equilibration. The message is that longer runs than those used FIG. 2. NaCl chemical potential versus molality for the JC/SPC/E model as obtained from the results of this work using either the fit G solution proposed in this work or the fit G 2 proposed by Aragones et al. 32 This figure shows the equivalence of both methodologies. We also have included results of Mester and Panagiotopoulos 35 and Moucka et al. 40 Dashed curves represent an extrapolation of our results. The dashed-dotted curve represents the results from Aragones et al. 32 The solid NaCl chemical potential is represented by a horizontal line, from Aragones et al. 32 Experimental data (black curve) of Hamer and Wu 79 are also included. The estimated uncertainty in the chemical potential of NaCl in solution from this work is of 0.6 kJ/mol. 71, 80, 81 in our previous work were needed to determine the chemical potential of the salt in solution with accuracy. We think a similar conclusion can be done for the Kobayashi et al. 43 solubility results.
Other interesting properties can be obtained form this chemical potential route as, for example, the excess chemical potential. In Figure 3 the excess NaCl chemical potential as a function of molality is presented together with Mester and Panagiotopoulos results. 36 As it can be seen, the fit G solution route, that accounts for the Debye-Hückel law, is able to reproduce the low concentration limiting behavior of Mester and Panagiotopoulos. 36 This behavior is not obtained if one uses the fit G 2 route. Therefore, although the 
124504-8
Benavides, Aragones, and Vega J. Chem. Phys. 144, 124504 (2016) the variation of the activity coefficient (on the molarity scale) with the concentration. Details about how to relate the activity coefficient on the molality scale (used in this work) with that on the molarity scale are provided in the excellent review of Hamer and Wu. 79 In Fig. 4(a) When interested in colligative properties, it is crucial to determine the water activity in the solution. 87 The water activity as a function of molality is shown in Fig. 4 results. Again the three methodologies provide similar results. Let us now turn to another interesting property, the NaCl activity coefficient. In Fig. 5 we present the natural logarithm of the mean activity coefficient, lnγ, as a function of molality. Our results exhibit the same tendency of those from the works of Mester and Panagiotopoulos 35 and Moucka et al. 44 An accurate determination of the activity coefficient is even more challenging than an accurate determination of the chemical potential. The explanation of this apparent paradox is that to estimate γ one needs not only accurate values of the chemical potential, but also accurate values of the standard chemical potential of the salt, µ † NaCl . As it was discussed by Sanz and Vega, 30 the value of µ † NaCl is related to the excess value of the chemical potential of the salt in solution at infinite dilution. Therefore, to estimate γ with high accuracy, both µ NaCl and µ † NaCl should be known with high accuracy. For the FIG. 5 . NaCl natural logarithm of the mean activity coefficient, ln γ, versus molality at 298 K and 1 bar for the JC/SPC/E. Results of this work using µ † NaCl = −391.70 kJ/mol (dotted-dashed curve) and µ † NaCl = −392.21 kJ/mol (dotted curve) are presented. We have also included Moucka et al. 44 (dashed curve) and Mester and Panagiotopoulos 35 (red solid circles). Black solid line represents experimental data of Hamer and Wu. 79 The estimated uncertainty in ln γ from this work 71, 80, 81 is 0.17. We have included two points (magenta squares) with their uncertainty to illustrate the error bars on our results at high concentrations.
JC/SPC/E, the values of µ † NaCl (using ref2) reported by Moucka et al., 40 Mester and Panagiotopoulos 36 and in this work are −391.28, −391.70 (20) , and −392.21(60) kJ/mol, respectively, while the experimental value is −393.13 kJ/mol. Although the results from the different groups are in reasonable agreement the discrepancies seem to be larger than for the chemical potential at finite concentrations. These discrepancies are related to finite size effects in the estimation of µ † NaCl . The methodology described in this work requires to fix the number of molecules of water from the very beginning of the calculations. When using 270 molecules of water, the smallest amount of NaCl that one may have (i.e., one molecule) yields a concentration of 0.206m. Since µ † NaCl depends on a property at infinite dilution, 30 one may suspect that µ † NaCl is affected (20) who considered in their calculations at high dilution up to 5000 molecules of water. We then fitted the results of G solution for 270 molecules of water by imposing µ † NaCl obtained from the simulations of highly diluted solutions in the fit rather than leaving it as free parameter. The results of the fit are presented in Table IV . The activity coefficients computed in this way are also plotted in Fig. 5 (dashed-dotted line). As it can be seen, the agreement with the predictions from Moucka et al. 44 and Mester and Panagiotopoulos 36 improved. It should be mentioned that with this new fit, the value of the solubility is not modified and one obtains a value of 3.68 (25) , very close to the value of 3.71(25)m obtained using only the results from the 270 molecules of water study. In summary, when having a small number of molecules of water, µ † NaCl should be considered as a fitting parameter, which provides a reasonable initial guess for the standard potential of the salt. However, since the determination of µ † NaCl is affected by finite size effects, an accurate determination of the activity coefficient requires an accurate determination of µ † NaCl , which requires to use systems with a large number of water molecules. Nevertheless, the solubility and the chemical potential at finite concentrations seem to be hardly affected by the system size. In fact, the results of this work using 270 molecules of water are consistent with those of Mester and Panagiotopoulos 36 who used in most of the cases 500 molecules of water. It is clear from the discussion above that our approach to estimate activity coefficients has large error bars, and to reduce them one needs both longer runs (to reduce the error in the determination of chemical potentials at finite concentrations) and larger systems (to improve the predictions at infinite dilution required to estimate the standard chemical potential).
B. SD/SPC/E
The densities obtained from the NpT simulations for this model for all the concentrations considered (number of NaCl between 0 to 7) can also be as expressed in terms of the number of NaCl as a third-order polynomial. In Table III the polynomial fit constants are presented. Again, the solid NaCl chemical potential used in this work was obtained by Aragones et al., 32 µ solid NaCl = −384.07 kJ/mol. The free energies obtained for this model from Hamiltonian integration are presented in the supplementary material, 71 and the parameters of the fit to G solution are given in Table IV . For the activity coefficient, it is found that the value of B is commonly close to B = 1.5.
79
The same was true for the JC/SPC/E model. For this reason and to reduce the number of parameters, we use the value B = 1.5 in the fit. We checked that this choice was quite good and that the fit did not improve significantly by allowing this parameter to be adjustable.
The chemical potentials of NaCl in the solid phase and in solution as a function of molality are shown in Fig. 6 . The intersection of the two phase NaCl chemical potentials occurs at 0.68m in good agreement with Moucka et al. 40 and Mester and Panagiotopoulos. 36 In this figure, we have included the results of Mester and Panagiotopoulos 36 and the experimental data. In addition, estimated values of the chemical potential of NaCl in solution using the finite differences method were included as an additional test of our prediction. As it can be seen, the agreement between both simulation methodologies is very good. It should be pointed out that the solubility would be 0.65m if the value −384.28 kJ/mol reported by Moucka et al. 40 was used for the chemical potential of the solid. As it can be seen, the SD/SPC/E model predicts a solubility one order of magnitude smaller than the experimental value. Thus, although the SD/SPC/E model describes fairly well the densities of the NaCl solutions, it fails in the prediction of the solubility value. So, a model that describes very accurately the densities of the NaCl solutions does not necessarily predict good solubilities.
For this model, we predicted in 2012 a solubility (from free energy calculations) of 0.9m, which is only slightly higher than the one reported here. Again, it seems that using longer calculations, the solubility decreases, and good agreement with the results of other groups is also obtained using this methodology.
In Fig. 7 the ln γ as a function of molality is shown for the SD/SPC/E model. Although our results should be taken with care as the standard chemical potential of the salt was obtained from the simulations using 270 molecules of water, the agreement with Mester and Panagiotopoulos 35, 36 is good. In Fig. 4 we have included the water activity for this model and found that the results are similar to those of the JC/SPC/E model. 
C. JC-SPC/E-ion/TIP4P/2005
For this new model, the densities obtained from the NpT runs can be fitted very well to a third-order polynomial in terms of the number of NaCl. The coefficients of the fit are presented in Table III . In Fig. 1 , the density is shown as a function of molality. As for the JC/SPC/E model, this model overestimates the experimental density, specially at high concentrations. Free energies for this model obtained from the Hamiltonian integration runs are presented in Table V. For the solid NaCl chemical potential, we used the result obtained by Aragones et al., many salts in SPC/E water, it seems that replacing SPC/E by TIP4P/2005 (while keeping the ion-ion interactions) and using the LB combination rules will yield similar results. Joung and Cheatham 59 also proposed a force field for NaCl in TIP4P-Ew water. 88 Since TIP4P/2005 and TIP4P-Ew are quite similar in many respects (i.e., both models do also incorporate the Berendsen correction to the vaporization enthalpy), it is also likely that the solubility will be quite similar when replacing TIP4P-Ew by TIP4P/2005 in the calculations (while keeping the ion-ion interactions and using LB combination rules for the ion-water interactions). In fact, Moucka et al. 33 have already shown some evidence of this. Notice though that the JC/TIP4P-Ew ion force field does not seem to be very accurate as it predicts a solubility of about 1.4m and recently Mester and Panagiotopoulos have obtained the same value. 33, 35 Remind that the solubility of the JC/SPC/E was of about 3.71m and the experimental value is about 6.14m. For this reason, it seems that the ion-ion interactions are better described by the JC/SPC/E force field. In summary, one should not expect big changes in the solubility of a model when replacing SPC/E by TIP4P-Ew or TIP4P/2005 (when keeping the ion-ion interaction and using the LB combination rules). After all, these models incorporate the Berendsen TABLE V. Free-energy components of JC-SPC/E-ion/TIP4P/2005 solutions at 298 K and 1 bar. All the solutions have 270 water molecules. Energies are given in kJ per mole. The number density ρ = N /V is given in particles per Å 3 , where N = N w + 2N NaCl . The chemical potential of NaCl is given in kJ per mole of NaCl. 
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Benavides, Aragones, and Vegapolarization correction in their design. It is also true that, at least with respect to the solubility, the force field proposed by JC for SPC/E water yields the best estimate, although still lower than the experimental value. For comparison of the effect of using a different water model in the force field of the salt solution, in Fig. 9 the NaCl natural logarithm of the mean activity coefficient, ln γ, versus molality at 298 K and 1 bar is shown for the JC-SPC/Eion/TIP4P/2005 and the JC/SPC/E models. It can be seen that JC-SPC/E-ion/TIP4P/2005 is in better agreement with the experimental data than the JC/SPC/E model, especially above 2.2m. At very low concentrations, the opposite is true (due to the fact that the dielectric constant of TIP4P/2005 deviates more than SPC/E from the experimental value). The dielectric constant of these two models is lower than the experimental value, so the initial decrease of the activity is too pronounced. Although our results for the activity coefficient of the JC-SPC/E-ion/TIP4P/2005 should be taken with care as the standard chemical potential of the salt was obtained from the simulations using 270 molecules of water, it is clear that activity coefficient of this model is lower than that of the original JC/SPC/E model. In Fig. 4(b) we have included the water activity for this model and found that at high concentrations it is somewhat closer to the experimental values.
D. Ionic pairs
We have also investigated the ionic pairs formation (a cation and an anion in direct contact in the solution) at different concentrations for the three models considered in this work. The number of ionic pairs (per ion) n ionic−pairs was obtained using the cation-anion radial distribution, g N a + −Cl − (r), in the solution obtained from the NpT runs and integrating it up to the first minimum (located at a distance of r min ) as 15, 89 where ρ Na + is the N a + number density, obtained as
In Fig. 10 , the results for the number of ionic-pairs are presented. As expected, the number of ionic pairs increases as the solution becomes more concentrated for the three models considered in this work.
E. Two simple empirical rules to estimate the solubility of a model
After analyzing the solubility of these models and the ionic pairs formation, we found an empirical prescription to estimate the solubility of a certain force field at room T and p. As it can be seen from the figure, the concentration at which the number of ionic pairs (per ion) is close to 0.075 (i.e., about 7% formation) is very close to the solubility of the considered model. At least this prescription works very well for the three models considered in this work. This is an efficient rule for testing models. To have an idea of the advantage of using this rule to test models, we can compare the time that it takes to get the information for the ion pairing criteria with the time that it takes to obtain the solubility by Hamiltonian integration; NpT calculations for 8 different concentrations take one day using a cluster with eight CPUs. Free energy calculations for 8 solutions (for just one model) take 24 days in a cluster with 8 CPUs. The CPU used was an Intel Xean X5680 with a clock frequency of 3.33 GHz.
Another simple empirical rule is related with the difference between the NaCl solid and the standard dissolution chemical potentials of different models and the solubility of each model. As can be seen in Fig. 11 , the solubility of the considered models is approximately given by The chemical potentials in this expression are given in kJ/mol.
As long as the NaCl solid chemical potential and the NaCl standard chemical potentials of a model are known, we can have an idea of their solubility at room T and p. The NaCl chemical potential can be obtained, for instance, by using the Einstein crystal methodology 64 or the Einstein molecule method. [65] [66] [67] [68] The standard chemical potential of the salt in solution can be calculated by using highly diluted solutions and one of the three methodologies mentioned in this work. Interestingly, the correlation is successful in describing the results for a polarizable model of NaCl in water. 10, 44, 90, 91 The experimental solubility is out of the correlation line of these models. This correlation seems to be valid for other 1:1 salts solutions, as long as the salt crystal structure is NaCl type, as, for example, NaI and KCl. For instance, for the JC/SPC/E models of NaI and KCl, the solubility predicted by this linear correlation would be 7.85 and 2.39, respectively, in good agreement with the calculated values by Mester and Panagiotopoulos: 36 7.75m and 2.65m. When designing force fields for electrolytes in water, usually hydration properties at infinite dilution (as, for instance, the standard chemical potential) are used as target properties. However the results of Fig. 11 show that the solubility is rather controlled by the difference between the chemical potential of the solid and the standard chemical potential of the salt in solution. Besides since the number of ionic pairs found at a certain concentration is controlled by the solubility (see Fig. 10 ), one may conclude that this difference of chemical potentials is also controlling the number of ionic pairs in solution.
VI. CONCLUSIONS
In this work, we have computed the solubility of several models of NaCl in water using computer simulations. The chemical potential of the solid phase was obtained from Einstein crystal calculations. The chemical potential of the salt in water was evaluated by performing Hamiltonian integration following the same approach that was described in our previous work. The main difference with respect to our previous work is that much longer runs are used here (possible since we used now the efficient MD program Gromacs) and the way of analyzing the results for the total Gibbs free-energy of the system. The solubility predictions obtained in this work for both the SD/SPC/E model and the JC/SPC/E models are in good agreement with the results of Moucka et al. 40 and Mester and Panagiotopoulos. 35 This is gratifying as for these two models, the results of three different groups, using different approaches, are mutually consistent. Therefore, these results can be regarded as a benchmark for solubility calculations of NaCl in water.
The solubility of the two first models considered in this work is significantly lower than the experimental one. In fact the solubility value found for the SD/SPC/E, 0.68(08)m, is about ten times lower than the experimental value (i.e., 6.14m). For the JC/SPC/E the solubility is 3.71(25)m, which is 40% below the experimental value. It is not clear why most of the potential models proposed so far for NaCl in water underestimate the solubility with respect to the experimental value (which may explain why the number of ionic pairs is usually high in simulation studies 97, 98 ). Clearly some further work is needed to understand the origin of that. In any case it is clear that there is room for improvement when designing force fields for sodium chloride solutions.
It is interesting to point out that these two models use the same model to describe water interactions (in fact they use the respectable SPC/E model) while they differ significantly in the prediction of the solubility (the solubility of JC/SPC/E being six times larger than that of SD/SPC/E). That illustrates that when describing the solubility, "chemistry" rather than "physics" matter. At low concentrations the variation of the activity coefficient (which is related to the variation of the excess chemical potential) can be described by the Debye-Hückel law, and the limiting constant of this law depends only on temperature and of the value of the dielectric constant of the solvent (i.e., of physical variables). Since both models use the same model of water, they behave in a similar way in this "physical" regime. However, their solubility differs significantly due to "chemical" differences (contained implicitly in the force field), as they differ in the value of the chemical potential of the solid, in the value of the standard chemical potential of the salt in solution (which is related to the excess chemical potential of the salt at infinite dilution) and on the activity coefficients at medium and high concentrations. These are "chemical" differences. It is rather naïve to expect to understand the problem of the solubility of NaCl in water, by focusing only on a physical variable, i.e., the dielectric constant of the solvent.
Since the results of the JC/SPC/E seem to be reasonable, we have analyzed the possibility of replacing the SPC/E model of water by the TIP4P/2005. It has been found that the predictions of the density and of the solubility change very little with this replacement. The solubility, although reasonable, is again low as compared to the experimental value. There may be certain advantages in having a reasonable NaCl model (with a not too low solubility) which uses the TIP4P/2005 instead of SPC/E. For instance, studies related with cryoscopic effects (i.e., the change in the melting point of ice due to the presence of salt) will be much easier when using TIP4P/2005 as the melting point of this model is of about 252 K, and the dynamics at this temperature will be faster than that of SPC/E water at its melting point (for this model the melting point is of 215 K). Second, there is high interest in understanding the behavior of water at low temperatures (i.e., supercooled water). Since TIP4P/2005 describes very well the properties of water at low temperatures (including the maximum in density), it seems reasonable to use this model in combination with a reasonable model of NaCl. It seems that the JC-SPC/E-ion/TIP4P/2005, although far from perfect, can be a reasonable choice.
Finally we have determined the number of ionic pairs (per ion) as a function of the salt concentration. We found empirically that when the concentration of the salt is close to that of the solubility, the number of ionic pairs is of about 0.075. At least this rule seems to work for the three models considered in this work (and it remains to be studied if the rule holds or not for other models of NaCl in water). The advantage of this rule is that it allows to estimate the solubility of a force field from cheap NpT runs (necessary to determine the number of ionic pairs) and not from expensive chemical potential calculations. Notice that these rules only apply at room T and p. In any case, there is no a free lunch, and this rule is only approximated, as the only rigorous way of determining the solubility is by equating the chemical potential of the salt in the solid phase with that of the salt in the solution. In any case it may be useful as a rough first guess. Also we have found another approximated prescription relating the solubility to the difference between the chemical potential of the solid and the standard chemical potential in solution. Although this prescription is approximated since it does not include the activity coefficient, it holds reasonably well.
There is still a final conclusion. The solubility of the models SD/SPC/E and JC/SPC/E obtained from the chemical potential route by three different groups (differing only in the way the chemical potential is obtained) is mutually consistent and in good agreement. However the values obtained from this route are entirely different from those obtained from direct coexistence simulations. It is clear that both techniques should provide the same value of the solubility. The reason of this discrepancy is not clear and should be investigated in more detail in future studies.
